AIM: Fluoride, well known as a specific and effective caries prophylactic agent, also affects the differentiation and function of ameloblasts. High dose sodium fluoride (NaF) induces enamel hypoplasia, also called enamel fluorosis, whereas the size and form of teeth except the enamel are not changed with its treatment. We examined the effects of fluoride on dental epithelium proliferation and differentiation using co-cultures of dental epithelial and mesenchymal cells. METHODS: Cultures of the dental epithelial cell line SF2 and dental mesenchymal cell line mDP were performed, as well as co-cultures. Enamel matrix expression in SF2 cells treated with NaF was analyzed by RT-PCR, while cell proliferation was examined using a trypan blue dye exclusion method and BrdU incorporation findings. The effects of NaF on NT-4-induced ERK1/2 phosphorylation were analyzed by western immunoblotting. RESULTS: Neurotrophic factor NT-4 induced enamel matrix expression, which was inhibited in the presence of NaF. Similar results were observed in regard to SF2 cell proliferation, but not with mDP cells. The levels of proliferation and ameloblastin expression in SF2-GFP cells co-cultured with mDP in the presence of NaF were lower as compared to those in SF2 cells cultured alone. CONCLUSION: Our results indicate that dental epithelial cells co-cultured with dental mesenchymal cells are resistant to the inhibitory effects of NaF on proliferation and ameloblastin expression. They also suggest that the dental fluorosis phenotype may affect enamel, but not tooth size or shape, because of rescue of the inhibitory effects of NaF by culturing with dental mesenchymal cells. fluoride exposure, as the early stages of amelogenesis are more sensitive to perturbation by fluoride than later stages 3) . The development of fluorosis is believed to be caused by a disturbance of ameloblast function, as well as a reduction in the amount of secreted enamel matrix or ability to degrade enamel matrix proteins during mineral phase maturation 4) .
Introduction
Fluoride is well known as a specific and effective caries prophylactic agent, and its systematic application is widely recommended 1) . However, fluorosis, a disturbance of enamel development and mineralization, may occur with acute or chronic exposure to excessive amounts of fluoride 2) . The severity of the resultant hypoplastic or hypo-mineralized enamel defects is dependent on the age of the patient during those interactions are particularly crucial during initiation of the development of ectodermal organs, such as teeth, skin, hair, and mammary and prostate glands 5) . Oral epithelium provides the initial signaling for neuronal crest-derived ectomesenchyme development, then both tissues interact during tooth formation. Various transcription factors, growth factors, and extracellular matrices are expressed by enamel matrix-producing ameloblasts during tooth development 6, 7) . In developing teeth, an inner epithelial layer of ameloblasts secretes enamel matrix proteins, while an adjacent ectomesenchyme layer of odontoblasts produces dentin. Following secretion of enamel proteins, the enamel maturation phase begins. During these phases, cyclic changes in the shape of ameloblasts, referred to as modulation, are observed, as ameloblasts retrieve organic matrix from the developing enamel and secrete mineralassociated ions, while the enamel mineral content increases to 95% by weight 4) .
A number of experimental animal and organ culture studies, as well as more recent cell culture studies, have investigated the mechanisms by which fluoride affects ameloblasts and enamel formation. Rodents are often used as an animal model for fluoride studies, because analysis of their continually erupting incisors has revealed a direct correspondence between fluoride concentration and defect severity. Elevated fluoride levels result in a thinner enamel layer and reductions in cyclic changes in actin-rich regions of maturation stage ameloblasts 8, 9) . Slower modulation is thought to lead to less efficient removal of proteins during maturation, altering enamel minerals, and mineral crystals from fluorotic rats have an abnormally rough surface 10, 11) . Furthermore, fluoride-induced endoplasmic reticulum stress is involved in reduced protein synthesis in ameloblasts 12) .
The impact of fluoride on ameloblasts is considerable, and even low concentrations have been shown to slow down their proliferation 9) as well as transformation of smooth-ended into ruffle-ended ameloblasts, which alters their functional efficiency. Even in highly fluorotic teeth, tooth size and form are not changed 13) . In organ cultures, proliferating and differentiating pre-ameloblasts are resistant to fluoride, and its effects on cell morphology and matrix synthesis have been reported only with concentrations far higher than plasma levels able to induce enamel fluorosis in vivo [14] [15] [16] .
In the present study, we examined the effects of fluoride on dental epithelium proliferation and differentiation using co-cultures with dental mesenchymal cells.
Materials and Methods

Cell cultures and transfection
The dental epithelial cell line SF2 and dental mesenchymal cell line mDP were maintained in DMEM/F-12 medium supplemented with 10% FBS and 1% penicillin and streptomycin at 37°C in a humidified atmosphere containing 5% CO 2 . To transfect with the expression vector for PDGFRtm-GFP-myc-HA (GFP-fused PDGF receptor transmembrane region), SF2 cells and mDP cells were plated in 60-mm plastic tissue culture plates (Falcon) at a density of 0.5210 6 cells/3 ml/plate. In coculture, cells were plated at a density of total 1210 6 cells (SF2: 0.5210 6 , mDP: 0.5210 6 )/plate. Cells were transfected using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's protocol. Stable cells transfected with the pEF6/PDGFRtm-GFP-myc-HA vector were selected in the presence of 5 ng/ml of Blasticidin (Invitrogen).
RNA isolation and RT-PCR
Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. First strand cDNA was synthesized at 42°C for 90 minutes using Oligo(dT) 14 ). The PCR products were separated on 1.5% agarose gels. A panning method using anti-HA antibodies was used for separation between SF2 and mDP cells, as previously described 17, 18) .
Cell proliferation and BrdU incorporation
Cells at 1210 5 /ml/well were plated in 12-well plates for 24 hours. Cell numbers were determined using a trypan blue dye exclusion method up to day 5. For a bromodeoxyuridine (BrdU) incorporation assay, cells were incubated at the same cell density described above for 24 hours prior to addition of various concentrations of NaF. After treatments with NaF, 10µM of BrdUrd (Sigma) was added to the plates for 30 minutes, then the cells were fixed with cold methanol for 10 minutes, rehydrated in phosphate-buffered saline (PBS), and incubated for 30 minutes in 1.5 M HCl in order to denature the DNA. After washing 3 times in PBS, the plates were incubated with a 1:50 dilution of fluoresceinisothiocyanate (FITC)-conjugated anti-BrdUrd antibody (Roche, Manheim, Germany) for 30 minutes at room temperature. Finally, the cells were washed in PBS 3 times and incubated with 10µg/ml of propidium iodide (Sigma) in PBS for 30 minutes at room temperature. BrdU positive cells were examined under a microscope (Biozero-8000; Keyence, Japan).
Western blotting
Cells at 1210 5 /well were plated in 12-well plates for 1 day prior to NT-4 treatment. Next, they were treated with 50 ng/ml NT-4 with or without 1 mM NaF for 0 to 15 minutes. Thereafter, they were washed twice with ice-cold 1 mM sodium orthovanadate (Sigma) in PBS, lysed with NP-40 buffer supplemented with a proteinase inhibitor cocktail (Sigma) for 10 minutes, and centrifuged, then the supernatants were transferred to fresh tubes. The cell lysates were separated by 12% SDS-polyacrylamide gel electrophoresis and analyzed by western blotting. The blotted membranes were incubated with antibodies and signals detected with an ECL kit (Amersham Biosciences). Rabbit anti-ERK1/2, antiphospho-ERK1/2, and HRP-conjugated anti-rabbit antibodies were purchased from Cell Signaling Technology (CST).
Results
Fluoride inhibits proliferation of dental epithelium but not dental mesenchyme To analyze the effects of fluoride on SF2 dental epithelial cells, mDP dental mesenchymal cells, and co-cultures of both, experiments were designed as shown in Fig. 1 . First, the proliferation of SF2 and mDP cells in the presence of NaF was examined. That of SF2 cells was inhibited in the presence of NaF in a dose-dependent manner and concentrations greater than 1 mM NaF significantly inhibited proliferation, with similar results observed for mDP cells. However, the inhibition of proliferation of the dental mesenchymal cells by NaF was less effective than that of the dental epithelial cells (Fig. 2) . SF2 cells over-expressing PDGFtm-GFP-myc-HA fusion protein (SF2-GFP) were established. This cell line expressed GFP protein fused with myc and HA tags on the cell surface, and could be sorted with a cell sorter or panning method using the anti-HA antibody (data not shown). SF2-GFP cells were cultured with mDP cells, then the proliferation of GFP positive cells in the presence of NaF was examined. The proliferation of SF2-GFP cells in the presence of 1 mM NaF was not different as compared with that of SF2 cells (data not shown).
In addition, the proliferation of SF2-GFP cells cultured with mDP cells in the presence of 1 mM NaF was not different from that in its absence ( Fig. 2) , indicating that co-culturing with mDP cells may rescue the inhibitor effect of NaF. Furthermore, we examined the proliferation of SF2, mDP, and SF2-GFP cells co-cultured with mDP cells using BrdU incorporation. BrdU incorporation in SF2 cells was inhibited in the presence of 1 mM NaF, which was less effective with mDP cells and SF2-GFP cells co-cultured with mDP cells (Fig. 3 ).
Fluoride inhibits NT-4-induced enamel matrix expression in dental epithelial cells
We previously reported that NT-4 induced ameloblastin expression and ameloblast differentiation in SF2 dental epithelial cells 17) . Using the present in vitro differentiation system, the effects of NaF on enamel matrix synthesis were examined by RT-PCR. The expressions of ameloblastin, amelogenin, and enamelin were increased after stimulation with NT-4 for 48 hours, while that of ameloblastin was inhibited in the presence of 1 and 5 mM NaF (Fig. 4 ). In addition, amelogenin and enamelin expressions were inhibited in the presence of 5 mM NaF. On the other hand, GAPDH expression was not changed in the presence of NaF. These results indicate that NaF inhibits the expression of enamel matrix components, especially ameloblastin in the presence of 1 mM NaF.
Effects of fluoride on NT-4 induced ERK1/2 phosphorylation
In a previous study, NT-4 induced the expression of ameloblastin in SF2 cells. Furthermore, transfection of full-length TrkB, but not truncated TrkB, in dental epithelial cells increased the expression of ameloblastin, while ERK1/2 phosphorylation was also observed. These results suggest that NT-4induced ameloblastin expression is regulated via the TrkB-MAPK pathway 19) . To analyze the effects of fluoride on NT-4-induced ERK1/2 phosphorylation, western immunoblotting was performed ( Fig. 5A ). SF2 cells were incubated for 30 minutes in serumfree medium prior to stimulation with NT-4 in the presence of fluoride. ERK1/2 phosphorylation was observed at 15 minutes after NT-4 stimulation. However, NaF did not affect the NT-4-induced ERK1/2 phosphorylation (Fig. 5B ). Next, we added NaF to the serum-free medium before stimulation with NT-4 ( Fig. 5A ). ERK1/2 phosphorylation was observed after adding NaF (Fig. 5C ), indicating that dephosphorylation of ERK1/2 by serum starvation was inhibited by the presence of NaF. Sodium orthovanadate [Na 3 (VO) 4 ] is a phosphatase inhibitor known to reduce the dephosphorylation of ERK1/2. In the presence of NaF or Na 3 (VO) 4 , NT-4 induced the expression of ameloblastin, while that of GAPDH was dramatically reduced (Fig. 5D ). The high level of basal ERK1/2 phosphorylation observed with pretreatment with NaF may have had an effect on NT-4-induced ameloblastin expression.
Ameloblastin expression inhibited by fluoride was rescued by co-culturing with dental mesenchymal cells
NT-4 induced ameloblastin expression in SF2-GFP cells, though that expression was inhibited with concentrations greater than 1 mM (Fig. 6 ). When SF2-GFP was cultured with mDP cells, the expression of ameloblastin in the presence of 1 mM NaF was rescued (Fig. 6) . These results suggested that the interaction between dental epithelial and mesenchymal cells may reduce the inhibitory effects of NaF toward proliferation and differentiation of dental epithelium.
Discussion
In this study, we examined the effects of fluoride on dental epithelial cells co-cultured with dental mesenchyme. Fluoride at high doses is known to have acute toxic effects, including cell death. In addition, systemic changes have been found in rats exposed for 3-6 weeks to fluoride in drinking water at levels up to 100 ppm, a dose widely used in studies of enamel fluorosis in rodents 20) . The lowest doses of fluoride in drinking water that caused visible and lasting defects in fully mature rat incisor enamel ranged from 25-30 ppm (1.3-1.6 mM) 9, 21) . In addition, the minimal dose also depends on time of exposure, as 9 ppm (0.5 mM) of fluoride for 70 days significantly decreased the hardness of the outer enamel of erupted rat incisors, indicating that prolonged exposure to a low dose also induces functional defects in enamel 22) . Furthermore, several studies have shown the effects of fluoride on enamel organ cells. In tooth germ organ cultures, 2 mM fluoride affected the Rho/ROCK signaling transduction pathway, resulting in elevated F-actin in ameloblasts 23) . Milli-molar levels of fluoride were also found to induce endoplasmic reticulum stress, apoptosis, and caspase-mediated DNA fragmentation in enamel organ epithelial-derived cells 2) . Fluoride showed a biphasic effect on cell proliferation, with enhanced proliferation at 16 uM and reduced proliferation at concentrations greater than 1 mM. However, no general effect of fluoride on gene expression has been reported 24) .
In the present study, concentrations of fluoride greater than 1 mM inhibited proliferation of SF2 dental epithelial cells, but not that of dental mesenchymal cells. The inhibition of SF2 cell proliferation was rescued by co-culturing with mDP dental mesenchymal cells, indicating that factors produced by mDP cells may support dental epithelium proliferation and differentiation by epithelial-mesenchymal interaction.
The basement membrane is one of the factors that support dental epithelium proliferation and differentiation. Previously, the laminin a5 chain containing laminin 511/512 was shown to regulate dental epithelial cell proliferation via the integrin a6b4phosphatidylinositol 3-kinase (PI3K)-Cdc42/Rac pathway, which plays an important role in determining the size and shape of the tooth germ 25) . Laminin a5-null mice develop a small tooth germ with defective cusp formation and have reduced proliferation of dental epithelium, while cell polarity and formation of the monolayer of the inner dental epithelium are also disturbed 25) . However, basement membrane components disappear at the start of enamel matrix synthesis. In addition, with high doses of fluoride, the size and form of teeth are not changed, whereas enamel formation is affected 13) , likely because dental mesenchymal cells may support dental epithelium proliferation and differentiation.
The osteogenic action of fluoride is mediated by a gradual and sustained increase in the overall protein-tyrosine phosphorylation level of several signaling proteins of the mitogen activated protein kinase (MAPK) mitogenic pathway. The time course of fluoride-induced increase in protein-tyrosine phosphorylation level is consistent with the speculation that fluoride acts to increase the steady-state protein-tyrosine phosphorylation level through inhi-bition of protein-tyrosine phosphatase, rather than stimulation of protein-tyrosine kinase 26) . In osteoblasts, fluoride inhibits the activity of fluoride sensitive TRACP/protein tyrosine phosphorylation, resulting in reductions in dephosphorylation of one or more of the tyrosine-phosphorylated signaling proteins of the Ras-Raf-MAPK mitogenic pathway 27) . Phosphorylation of ERK1/2 is important for growth factor signaling. In our previous study, a rat pheochromocytoma cell line (PC12) transfected with the ganglioside GD3 synthase gene showed a marked change in ganglioside profile and no response of neurite extension to nerve growth factor (NGF) stimulation. In those transfected cells, continuous phosphorylation and activation of ERK1/2 without NGF treatment were observed 28) . Those results indicated that high phosphorylation of ERK1/2 before stimulation with a growth factor inhibits cellular response, including proliferation and differentiation, induced by growth factor signaling via ERK1/2. The neurotrophic factor neurotrophin (NT)-4 promotes differentiation of dental epithelial cells and enhances the expression of enamel matrix genes. Furthermore, NT-4 reduced HAT-7 cell proliferation and induced the expression of enamel matrix genes, such as ameloblastin (Ambn) 19) . Transfection of HAT-7 cells with the expression construct TrkB, a high affinity receptor for NT-4, enhanced NT-4-mediated induction of Ambn expression. This enhancement was blocked by K252a, an inhibitor for Trk tyrosine kinases. Phosphorylation of ERK1/2, a downstream molecule of TrkB, was induced in HAT-7 cells upon NT-4 treatment 19) . These results suggest that NT-4 induces Ambn expression via the TrkB-MAPK pathway. Fluoride, orthovanadate, zinc, cobalt, and ferric inhibit phosphatase activity, while ferrous activates it 26) . In dental epithelial cells, sodium fluoride inhibits the dephosphorylation of ERK1/2 by serum starvation. Thus, an increase in the basal level of ERK1/2 phosphorylation may inhibit NT-4-induced ameloblastin expression and ameloblast differentiation.
High doses of fluoride induce enamel hypoplasia that is similar to the genetic disorder amelogenesis imperfecta (AI), a hereditary condition that affects the quality and quantity of enamel. Six genes are known to cause AI; AMELX, ENAM, MMP20, KLK4, FAM83H and WDR72 29) . Although no mutations have been found in Ambn and Amtn, both of these genes remain viable AI candidates due to their strong expression by ameloblasts. Furthermore, a lack of Ambn in knockout mice was found to be associated with marked enamel hypoplasia 30) . Both enamel matrices and enamel matrix proteinases are synthesized by epithelially derived ameloblasts, enamel matrix proteases including matrix metalloproteinase 20 (MMP-20, enamelysin), and kallikrein-4 (KLK-4, enamel matrix serine protease 1, EMSP1) 31) . MMP-20 is primarily responsible for the initial hydrolysis of amelogenin, and regulation of matrix formation during the secretory and early maturation stages of amelogenesis 32) . Fluoride at 2.25 ppm reduced mRNA expression of the structural enamel matrix proteins amelogenin, ameloblastin, enamelin, and the enamel protease matrix metallopeptidase-20 (MMP-20) 33) . Enamel formation in MMP-20 knockout mice was found to be severely compromised, with a reduction in enamel mineral content and decreased hardness 34, 35) . Fluoride decreased the transcription of a luciferase reporter gene driven by the MMP-20 promoter. Down-regulation of MMP-20 by fluoride was related to suppression of JNK/c-Jun phosphorylation, indicating that c-Jun is a key regulatory element for MMP-20 expression. Also, human ameloblast lineage cells responded to fluoride by down-regulating MMP-20 transcription through the JNK/c-Jun signaling pathway 36) .
Similarly, several vascularisation factors such as vascular endothelial growth factor (VEGF), monocyte chemoattractant proteins (MCP-1), and interferon inducible protein 10 (IP-10) were reduced by 2.25 ppm of fluoride, while ALP activity and proliferation were stimulated by 0.46 ppm of fluoride, but inhibited by 2.25 ppm 33) . In the present study, 1 mM sodium fluoride inhibited the expressions of amelogenin, enamelin, and ameloblastin, while the inhibition of ameloblastin expression was rescued by co-culturing with dental mesenchymal cells.
These results indicate that fluoride may affect the expression of structural enamel proteins and the protease responsible for processing these proteins during the secretory stage of amelogenesis, and may in part explain the mineralization defect that characterizes fluorotic enamel.
Conclusion
Based on results of this study, the following conclusions can be made:
Concentrations of fluoride greater than 1 mM inhibited cell proliferation and NT-4-induced enamel matrix expression in SF2 dental epithelial cells.
Inhibition of proliferation and ameloblastin expression in SF2 cells was rescued by co-culturing with dental mesenchymal cells. In addition, fluoride affected the dephosphorylation of ERK1/2 with serum starvation. Together, these results suggest that epithelial-mesenchymal interaction may be important for prevention of the effects of fluoride on dental epithelium proliferation and differentiation.
